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ONE-CHIP MICRO-INTEGRATED OPTOELECTRONIC SENSOR 

Cross-Reference to Related Applications 
[0001] This patent application is a division of, and claims priority to, commonly owned 

United States patent application serial number 09/738,728, filed December 15, 2000, entitled 
"One-Chip Micro-Integrated Optoelectronic Sensor," by David Starikov, Igor Berishev and 
Abdelhak Bensaoula, which will issue to United States Patent number 6,608,360 on August 19, 
2003, and which is incorporated herein by reference for all purposes. 

[0002] This patent application is also related to commonly owned United States patent 

application serial number 10/621,545, filed July 17, 2003, entitled "Measuring Spectral 
Characteristics Using Filterless Solid State Semiconductor Components," by David Starikov and 
Abdelhak Bensaoula, which itself is a continuation-in-part application of the above-referenced 
and commonly owned United States patent application serial number 09/738,728. 

Field of the Invention 

[0003] This invention generally relates to optical measurements. More particularly, a 

light-emitting diode and a photodiode formed from the same growth processes on a single chip 
are provided, along with applications and methods for making. 

Background of the Invention 
[0004] Optical sensors based on semiconductors commonly measure 

absorption/reflectance, scattering, luminescence, and fluorescence. Optical absorption 
measurements are commonly used for chemical sensors. The sensors usually consist of a Light- 
Emitting Diode (LED), two optical fibers and a photodiode (PD) or phototransistor. Light from 
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the source is transmitted through the first fiber to a testing chamber filled with a reagent gas. 
The higher the gas concentration the less light is transmitted by the second optical fiber from the 
chamber to the photodetector. Rapid development and diversification of optical wave guide 
devices for the detection of toxic gases and vapors in air and small molecules in aqueous 
solutions has led to fabrication of practical integrated planar optical chemical sensors. The book 
Chemical Sensors by Edmonds, pp. 278-282, provides background information on this type of 
sensor. 

[0005] Scattermeters and motion control encoders for motors use LEDs or laser sources 

to generate a beam of light, a surface under test or a patterned cylinder to reflect the beam, and a 
photodetector (PD) to monitor the variation of the scattered or reflected light. The optical 
encoders typically employ infrared emitters and detectors operating in the spectral range from 
820 to 949 nm. Such components are usually based on p-n junctions formed on conventional 
semiconductors, such as silicon and gallium arsenide, and are temperature-sensitive, have large 
size, and require special arrangements to reject the ambient light. 

[0006] Other optoelectronic sensors measure light-induced fluorescence. Measurement 

of fluorescence, the absorption of light energy at one wavelength and its emission at a longer 
wavelength, has become widely accepted as a highly specific, convenient, and sensitive 
analytical technique. A comparison of analytical techniques indicates that fluorometry is at least 
1000-times more sensitive than absorption spectroscopy. Compounds not emitting fluorescent 
light may be labeled with a fluorescent reagent. Most remote systems have used the fluorescence 
resulting from excitation at a single wavelength. Greater discrimination can be achieved using 
multiple or broader optical beam excitation wavelengths. A broader beam can simplify the 
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design and yield a remote monitoring tool capable of detecting a specific target substance in a 
varying background and indicating its concentration. For biomedical applications, using 
fluorophores on the ends of fibers can make possible simultaneous measurement of pH, carbon 
dioxide, and oxygen in a sample. Such a unit has been developed by CDI-3M Health Care, for 
example. Chemical testing has been demonstrated using fiber-optic fluorimmunoassay (FOFIA). 
In this technique, antigens specific for the antibodies to be detected are immobilized in proximity 
to a guided optical beam. The antibodies are tagged with fluorophores and allowed to bond to the 
antigens. Evanescent excitation of the fluorophores and/or collection of the resulting fluorescent 
radiation provide for extremely sensitive monitoring techniques. 

[0007] Temperature can be determined by measuring fluorescence emission decay times 

from rare-earth-doped and transition-metal-doped phosphors. In another application of 
fluorescence, flow rates can be measured by dye dilution. Water flow, for example, can be 
measured by injecting and mixing a dye at a constant rate and using a fluorometer to determine 
how much the water stream has diluted the dye. 

[0008] The commercially available optoelectronic device based on fluorescence, a 

"fluorometer," contains an excitation source, a sample cell, optical filters and a fluorescence 
detector. The excitation source is usually a deuterium or xenon lamp. Broadband excitation 
light from a lamp passes through a monochromator. Fluorescence from the sample is dispersed 
by another monochromator and detected by a photomultiplier tube. Scanning the excitation 
monochromator produces the excitation spectrum and scanning the fluorescence monochromator 
produces the fluorescence spectrum. Modern instruments use only bandpass interference filters 
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to select the excitation and emission wavelengths and LEDs and photodiodes as light sources and 
detectors. 

[0009] U. S. Patent No. 5,822,473 discloses an integrated microchip chemical sensor. An 

LED light source, a waveguide and a silicon photodetector are placed on the same chip. The 
amount of light propagating through the wave guide and measured by the detector is affected by 
a chemical sensitive material coated on top of the waveguide. 

[0010] U. S. Patent No. 5,442,169 discloses an integrated optical sensor module on the 

same substrate using various configurations of a wave guide. The f 169 patent requires the 
integration of at least one optical waveguide in the sensor to measure one or more variables and 
does not provide a method of sensor fabrication requiring only a single technological process. 
What is needed is an optoelectronic sensor containing both a light source and a detector that can 
be fabricated on a chip using a single technological process. 
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Description of the Figures 
[0011] For a more complete understanding of the invention and the advantages thereof, 

reference is now made to the following description taken in conjunction with the following 
drawings in which like reference numbers indicate like features and wherein: 
[0012] Fig. 1 illustrates the structure of a Schottky barrier diode on a substrate. 

[0013] Fig. 2 shows spectral characteristics of the diode of Fig. 1. 

[0014] Fig. 3. illustrates the structure of p-n heteroj unctions grown on a wafer and having 

ohmic contacts. 

[0015] Fig. 4 shows the optical emission(a) and spectral sensitivity(b) of the device of 

Fig. 3 at different values of applied voltage. 

[0016] Fig. 5 illustrates an optoelectronic roughness or absorption sensor. 

[0017] Fig. 6 illustrates the structure of a fluorescence sensor fabricated on a sapphire 

substrate. 

[0018] Fig. 7 illustrates interlaced LED and PD structures to gain sensitivity. 

[0019] Fig. 8 illustrates a fluorescence sensor on a silicon substrate with UV-transparent 

electrodes. 

[0020] Fig. 9 illustrates the structure of a one-chip micro-integrated optoelectronic 

fluorescence sensor for measurements of solutes such as glucose. 

[0021] Fig. 10 shows the normalized spectral sensitivity of a gallium nitride-based 

photodetector and the fluorescence emission spectra of human plasma and glucose. 
[0022] Fig. 11 shows a configuration of an optical encoder employing the integrated 

LED and PD. 
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Summary of the Invention 
[0023] In one embodiment, an optoelectronic device having a metal-insulator- 

semiconductor Schottky contact is provided on a transparent substrate. A transparent 
semiconductor allows light to be emitted from and detected by the Schottky contact or barrier. 
The spectrum of emitted light may be controlled by controlling the bias voltage across the barrier 
or by changing the composition of the semiconductor. A single sensor may be used in pulse 
mode as a source and detector for measurement of fluorescence. The fluorescent sample may be 
placed directly in contact with the transparent base. The transparent semiconductor may be a III- 
V nitride compound, zinc oxide, silicon carbide, tin oxide, indium oxide or diamond. The 
insulating layer is preferably amorphous silicon. A plurality of the devices may be used for 
measurement of light absorption, reflection or scattering, 

[0024] The employment of pre-breakdown avalanche electroluminescense, which allows 

emission of light with energies higher than the semiconductor's band gap, allows spectral 
matching of the emission and photosensitivity spectra from diode structures based on the same 
semiconductor material. It also allow emission to extend into the UV range and makes possible 
emission at two different ranges from the same junction (pre-breakdown avalanche at a reverse 
bias and recombination at a forward bias. 

[0025] In another embodiment, in one part of a transparent substrate a metal-insulator- 

semiconductor device is fabricated as a light emitting diode and in another part of the transparent 
substrate a multi-quantum well heterostructure to filter light and a p-n junction serving as a 
photodetector are fabricated by the same technological processes. The structures may be 
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fabricated in a pattern to increase sensitivity of the device. The spectrum of the light emitted and 
the light detected may be selected. 

[0026] In yet another embodiment, optical emission from the edges of a p-n junction in a 

semiconductor is provided. The light may pass through a sample and a multi-quantum well 
heterostructure to be detected by another p-n junction. 

[0027] In another embodiment, a transparent electrode is used in the light emitting diode 

and the photodetector. The light emitting diode includes a metal-insulator-semiconductor 
Schottky contact. The transparent electrode may be fluorine-doped tin oxide. 
[0028] The devices disclosed may be used to measure surface roughness, absorption in 

samples, fluorescence from samples, may be tuned to be sensitive to selected wavelengths, as 
part of an optical encoder, and other uses. 

[0029] Methods for making the devices on substrates are provided. Devices to function 

as a light emitting diode, an optical filter and a photodetector can be fabricated on a single chip 
or substrate. Growth processes include radio frequency-assisted molecular beam epitaxy and 
electron beam evaporation. Etching may be performed by the reactive ion process. 

Description of Preferred Embodiments 
[0030] One embodiment of a one-chip micro-integrated optoelectronic sensor is shown 

generally at 1 0 in Fig. 1 . As indicated by arrows representing light rays in the figure, structure 
10 provides an optical emission source (LED) or a photodetector (PD) on a single substrate or 
chip. The device is fabricated on optically transparent semiconductor layer 14 and optically 
transparent substrate 12. Similar optoelectronic properties, device structures, and operation 
principles for the disclosed sensor can be achieved on several optically transparent 

HOU03:926635 8 



065238.0128 



semiconductor materials grown on optically transparent substrates. Materials that can be used 
for semiconductor layer 14 include in the near UV/visible range of the spectrum any of the III-V 
nitride compounds, zinc oxide (ZnO), silicon carbide (SiC), tin oxide (Sn0 2 ), indium oxide 
(In 2 C>3) and diamond. Materials that can be used for transparent substrate 12 include sapphire, 
quartz and optically transparent glasses. Only the characteristics of structures based on GaN and 
InGaN epitaxial layers grown by molecular beam epitaxy (MBE) on sapphire with silicon 
interface layers are described in detail herein. As shown in the figure, light emission and 
detection can occur at the Schottky barrier between p-GaN and titanium, with a thin layer of 
silicon at the interface, as described further below. 

[0031] The structure of Fig. 1 employs two types of contacts. The first type is an ohmic 

contact to the p-type GaN layer. This may consist of platinum layer 22, nickel layer 24 and gold 
layer 26, the layers sequentially deposited directly on the p-GaN layer. For the ohmic contact, 
other combinations of metals providing ohmic characteristics (low specific resistance and linear 
I-V dependence) can be used, as is well known. The second type of contact is the Schottky 
barrier contact, which may consist of a titanium layer 18 and gold layer 20 deposited onto a 
silicon interfacial layer 16. For the barrier contact, metals other than titanium that have a low 
diffusion coefficient through the silicon interfacial layer under deposition conditions can be used. 
Other combinations of metals may be used to form the barrier contact in a Schottky barrier 
structure. Such methods are well known. 

[0032] Layer 14 of p-gallium nitride (p-GaN) is preferably deposited on substrate 12 to a 

thickness in the range from about 0.5 to about 1 (Dm. Such thickness is high enough to provide 
high crystalline quality and electrical conductance and is low enough for production throughput 
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considerations. A thin layer of silicon, preferably less than about 200 A thick, and more 
preferably in the range of about 30-50 A thick, is then deposited over a segment of the surface of 
the p-GaN. The silicon should be amorphous, so as to be an insulator to form a Metal-Insulator- 
Semiconductor (MIS) Schottky barrier. Other compounds may be used in place of the silicon to 
form MIS Schottky barriers on n-GaN, such as boron nitride and silicon dioxide. Any type of 
Schottky barrier that provides a barrier height sufficient for pre-breakdown avalanche 
electroluminescence to occur can be used. The thickness of the insulator layer should be small 
enough to allow tunneling of the carriers from the Schottky contact to the semiconductor and it 
should be uniform enough to provide uniform distribution of optical emission over the contact 
area. The insulator layer should be thick enough to provide formation of a Schottky barrier 
sufficient for pre-breakdown avalanche electroluminescence to occur. A layer of metal 18, 
which may be titanium, is then deposited on the silicon layer to establish the Schottky barrier. 
Layer 20, which may be gold, is then deposited on metal layer 1 8 to provide good conductivity 
of the contact along its surface. 

[0033] A fabrication process that may be used to fabricate the one chip optoelectronic 

sensor containing a single Schottky barrier on a substrate (Fig. 1) is as follows: 

1) grow by Radio Frequency (RF)-assisted Molecular Beam Epitaxy (MBE) a 200 
nm thick undoped GaN buffer layer on the substrate, which may be sapphire, at a 
substrate temperature of 600-700 °C; 

2) grow by RF-assisted MBE a 0.5-1 |im barrier GaN layer doped with magnesium 
(preferably Na-Nd = 5 x 10 l7 crn 3 ) at a substrate temperature of 700-750 °C; 

3) on a first segment of the surface of the p-GaN, deposit a Schottky barrier contact 
by electron-beam evaporation of Si (30-50 0), Ti (100-300 Q), and Au (1000- 
3000 □) at a substrate temperature of 200-500 °C; and 
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4) on a second segment of the surface of the p-GaN, deposit an ohmic contact by 
electron-beam evaporation of Pt (30-50 D), Ni (100-300 0), and Au (1000-3000 
D) at a substrate temperature of 200-500 °C. 
[0034] The structure shown in Figure 1 exhibits UV/blue optical emission at reverse bias 

and photosensitivity at no bias. Referring to Fig. 2, the normalized spectrum of light produced 

by the device with a reverse bias of 22 volts across the Schottky barrier is shown by curve 2 and 

photosensitivity of the device at zero bias is shown by Curve 1 . An overlap in the spectra for 

optical emission and for photosensitivity exists in the range from about 365 nm to 415 nm. This 

means that the same device can be used in applications as a source and as a photodetector if bias 

is adjusted. Physical configurations for such applications are described below. The employment 

of pre-breakdown avalanche electroluminescence allows light to be produced with shorter 

wavelength than would be allowed by the semiconductor's bandgap. This is believed to make 

possible unique sensors based of the structure described herein. This capability permits spectral 

matching of emission and photosensitivity spectra from a diode structure based on the same 

semiconductor material. The emission can also be extended into the UV range, and emission can 

be produced in two different spectral ranges from the same junction. 

[0035] The sensor's performance is based on interaction of the media under test with the 

initial optical emission generated by the optical emission source when the diode is biased and 
measurement by the photodetector in the absence of bias of (1) absorption , (2) reflection, (3) 
scattering or (4) fluorescence. The first three measurements can be made with Curve 1 and 
Curve 2 of Fig. 2, but two Schottky barrier contacts are needed to provide absorption, reflection 
and scattering measurements because emission and sensing occur simultaneously. 
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[0036] The optical emission source (Curve 2) is a Light Emitting Diode (LED) and the 

photodetector (Curve 1) is a Photo Diode (PD). The sensor's performance is based on the spectral 
match between the PD and the LED in absorption, reflection and scattering measurements. The 
match illustrated in Fig. 2 is achieved by employing avalanche electroluminescence (or other 
devices that yield a similar emission spectrum), which occurs in a reverse biased LED and 
generates photons with energies higher than the semiconductor's band gap. The ohmic contact 
can be common for both LED and PD functions. 

[0037] For use of the device of Fig. 1 to detect fluorescence, either conditions that 

produce curve 2 or curve 3 of Fig. 2 may be employed. Light intensity under conditions 
producing curve 3 is much higher at the same voltage, but curve 2 extends deeper into the 
ultraviolet (UV). Curve 3 is the spectrum of emission with a forward bias of 8 volts. Increasing 
the bias voltage from +8 to +22 volts has only slight effect on the spectrum. The spectral match 
between the PD and fluorescence emission excited in the media by the LED emission is 
important for these measurements. For sensors based on fluorescence the spectral match may be 
achieved by tuning the semiconductor material band gap based on changing the material 
composition, as explained below. Because the gallium nitride layer and the sapphire substrate 
are optically transparent, the device can be used by placing the sample in contact with the 
sapphire window. The silicon layer is thin enough to avoid losing transparency. As indicated in 
Figure 1, both the emission of the excitation light and the detection of the returning fluorescence 
light occur at the MIS interface. The function of the silicon is to provide a tunnel-transparent 
interfacial layer that: (a) increases the potential barrier height resulting in higher device 
efficiency, (b) possibly passivates, neutralizes or compensates defects or/and doping centers in a 
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very thin GaN surface layer, thereby eliminating the "leakage" in the I-V characteristics, and (c) 
reduces the possibility of interaction (diffusion) between the metal contact and the 
semiconductor. The MIS interface is more effective than an M-S Schottky barrier because (a) 
MS in this case results in "leaky" diodes, and (b) MIS provides higher potential barrier heights 
that are especially important for devices based on hot electron pre-breakdown avalanche 
electroluminescence. 

[0038] Fig. 3 represents a structure of optoelectronic device 30 that is based on a p- 

GaN/n-InGaN heterostructure grown on a silicon substrate. The structure of device 30 produces 
emission from p-n junctions rather than from a Schottky barrier, as illustrated in Fig. 1 . Gold 
layer 31 and titanium layer 32 establish ohmic contact with n-silicon wafer 34. Aluminum 
nitride layer 38 is deposited on wafer 34 and in the process produces p-silicon layer 36 as a result 
of aluminum diffusion into the silicon. n-GaN layer 40 is then deposited, followed by n-InGaN 
layer 42 and p-GaN layer 44. The thickness of these layers may be in the range from about 0.5 
to about lOm. The thickness should be enough to provide high crystalline quality and electrical 
conductance and low enough for production cost consideration. The composition of the InGaN 
was determined by the following process parameters: the In and the Ga fluxes were kept equal 
during the growth, which would theoretically produce Ino.5Gao.5N (In x Ga(i_ x )N, where x = 0.5). 
Compositions of In of up to 0.2 have been achieved without sacrificing the quality of the layers. 
Although varying the InGaN composition affects the position of the smaller long-wavelength 
optical emission peak, this variation is not important for fluorescence excitation. 
[0039] Fig. 4(a) shows the spectrum of light emitted from the edge of the device with a 

composition of indium of 0.5 at the p-n junctions under differing voltages applied across the 
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device. Curves 1, 2 and 3 correspond to voltage of 9.8 volts and a current of 74 mA; 10.5 volts 
and 79 mA; and 11.3 volts and 84 mA, respectively. The optical emission, the result of 
recombination electroluminescence in the p-GaN/n-friGaN heterojunction, was observed from 
the side under the forward bias applied to the top and bottom electrodes. Emission from the 
edges of this structure was in the blue/UV range. Photosensitivity with zero bias is in the spectral 
range from near UV to near infrared, as shown in Fig. 4(b). Both optical emission and 
photosensitivity were measured from the structured edge because an opaque metal electrode was 
deposited on top of the structure. The spectral sensitivity (photovoltaic signal versus 
wavelength) from this structure was measured under irradiation with a xenon lamp and no bias. 
The photovoltaic signal measured at wavelengths from 225 to 650 nm from the electrodes on the 
top and on the bottom of the structure was produced mostly by absorption in the p-GaN/n-InGaN 
heterostructure (225-365 nm) and p-Si/n-Si (250-650 nm), but also enhancement of the optical 
absorption can be observed on the spectrum in the range 365-460 nm. Enhancement of the 
absorption in the range of 365-460 nm (which appears as a hump on the long wavelength peak 
left shoulder of Fig. 4b) is produced by the absorption in the InGaN layer. This range is well 
matched with the corresponding photoluminescence peak measured from the GaN/InGaN 
heterostructures. In addition to the intentional GaN p-n junction, diffusion of Al into Si during 
the A1N buffer layer deposition results in formation of an additional p-Si/n-Si junction. 
[0040] Application of the optoelectronics device having the layer structure depicted in 

Figure 1 and fabricated on a single chip to a device for sensing surface roughness by scattering 
measurements or measuring optical absorption is illustrated in Figure 5, shown generally at 50. 
The device may use pre-breakdown avalanche electroluminescence, scattering, and photovoltaic 
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effects. The design of the sensor is based on fabrication in a single technological process and on 
the same sapphire substrate 52 of avalanche electroluminescence light emitting diode (LED) 54 
and spectrally matched photodiodes (PD) 56 and 58. Both the LED and the PDs use Schottky 
barriers. 

[0041] Since light distribution from the LED is close to Lambertian, a portion of it falls 

at an angle onto the surface under test 55, which is partially reflecting and is placed at a distance 
d' from substrate 52. Light that is partially reflected and partially scattered by surface 55 is 
sensed by photodiode 56. The higher the roughness of the surface the more light is scattered and 
the lower the signal from photodiode 56. Photodiode 58 serves for precise reproducible 
adjustment of the distance in a very small range (from d' to d") by keeping the difference 
between signals from photodiode 56 and photodiode 58 at a constant level. Such positioning is 
important in measurements with surfaces that are not flat (curved or having steps). Pulsed mode 
LED operation is preferably employed together with lock-in amplification and detection of the 
signals in order to eliminate possible noise produced by ambient light. 

[0042] A structure similar to that shown in Fig. 5 can be employed for measurements in 

the optical absorption mode if surface 55 is a mirror. The sample is then placed between mirror 
55 and substrate 52. In this case the photodetectors will measure the optical emission reflected 
from the mirror and changed by the absorption in the tested media. For the reflection mode 
operation, a surface that changes its optical reflection under the influence of the sample under 
test can be employed instead of a mirror. Alternatively, the configuration of LED 54 and one or 
more photodetectors such as 56 can be any that will provide that emitted light passes through a 
sample and impinges on a sensitive surface of the photodetector. 
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[0043] For fluorescence mode operation a device structure that contains only one 

Schottky barrier structure similar to those described in the Figure 1 can be employed. In this 
case the Schottky barrier structure contact serves both as a source of optical emission and a 
photodetector. The operation of the sensor is in a pulsed mode. First, a short pulse of current 
(preferably in a nanosecond range) is supplied to the Schottky contact under the forward bias (for 
blue emission), or reverse bias for UV/blue emission. The optical emission generated by the 
pulse in the Schottky barrier contact will excite the fluorescence in the sample under test. The 
decay time of this fluorescence should be long enough to allow measurement of emission after 
the pulse is applied. Preferably, the decay time is in the microsecond range. During this time no 
voltage will be applied to the Schottky barrier structure. The photovoltaic signal (voltage or 
current) will be measured from the contact instead. This signal will depend on the presence 
and/or concentration of the fluorescing medium under test. Such structures can be employed for 
sensing fluorescence of compounds that have sufficient fluorescence decay times. Such 
fluorescence should be excited by the optical emission produced by the Schottky barrier 
structure. 

[0044] An alternative embodiment of a device for sensing fluorescence is illustrated 

generally at 60 in Fig. 6. Layers are first grown on sapphire substrate 61 in the following 
sequence: p-GaN layer 62, then multi-quantum well (MQW) region 63 of GaN/InGaN, then n- 
InGaN layer 64, then p-GaN layer 65. After this layer growth, the photodetector structure is 
etched through layer 62 to produce two insulated parts: one for the LED and one for the PD. The 
LED system contains p-GaN layer 62 with ohmic contact 66 and rectifying Schottky barrier 
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contact 67. The PD system contains a p-GaN/n-InGaN junction and ohmic contacts 67 and 68 to 
the p-GaN layers 62, 65 and n-InGaN layer 64, respectively. 

[0045] A more detailed fabrication process for the sensor of Fig. 6 with a Schottky 

barrier and a p-n junction fabricated using a single technological process is as follows: 

1) grow by RF-assisted MBE a 100-200 nm thick undoped GaN buffer layer on sapphire 
at a substrate temperature of 600-700 °C; 

2) grow by RF-assisted MBE a 0.5 - 1 |im barrier GaN layer doped with Mg (N D — N A ~ 
6 x 10 17 cm" 3 ) at a substrate temperature of 700-750 °C; 

3) grow by RF-assisted MBE 1-100 A thick alternating undoped In x Gai_ x N and GaN 
layers; (The In composition of (x from 0 to 0.2), number of layers and their thickness 
are specified from calculations of the required MQW filter optical transmission band 
parameters, such as Xmax and FWHM.) using well known methods of calculation, to 
form the Multi-Quantum Well (MQW) region; 

4) grow by RF-assisted MBE a 0.5 - 1 (im barrier n-Ino.2Gao.8N layer doped with Si (N D 
_ N A ~ 5 x 10 18 cm" 3 ) at a substrate temperature of 600-800 °C; 

5) grow by RF-assisted MBE a 0.5 - 1 micrometer barrier GaN layer doped with Mg 
(N D - N A ~ 6 x 10 17 cm" 3 ) at a substrate temperature of 700-750 °C; 

6) dry etch by Reactive Ion Etching (RIE) the area between the LED part and the PD 
part through the bottom p-GaN layer; 

7) dry etch by RIE the LED part to p-GaN and half of the photodetector part to the n- 
InGaN layer; 

8) deposit a Schottky barrier contact on one half of the LED part by e-beam evaporation 
of: Si(30-50 A), Ti (100-300 A), and Au (1000-3000 A) at a substrate temperature of 
200-500 °C; 

9) deposit ohmic contacts on the other half of the LED part and the RIE-etched part of 
the photodetector part by e-beam evaporation of: Pt (30-50 A), Ni (100-300 A), and 
Au (1000-3000 A) at a substrate temperature of 200-500 °C; and 
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10) deposit an ohmic contact on the RIE-etched photodetector part by e-beam evaporation 
of: Ti (100-300 A), and Au (1000-3000 A) at a substrate temperature of 200-500 °C. 

[0046] By use of the term "single technological process" we mean that all III-V nitride 

layers for all integrated sensor structures are grown in a single cycle (one chamber, one load and 

one pump-down). This capability to grow the layers in a single technological process is an 

important feature of the methods and apparatus disclosed herein. 

[0047] A forward bias (usually from 3 to 12 V) produces an optical emission in the 

spectral range of 365-650 nm (curve 3, Figure 2), and at a reverse bias of 8 to 22 volts the same 
structure produces emission in the spectral range from 365-450 nm (curve 2, Figure 2). This 
light is transmitted through sapphire substrate 61 and is absorbed by the medium containing the 
substance under test. As a result, a secondary optical emission in a spectral range 450-572 nm 
may be generated by a fluorescent substance that is present in the medium. The p-GaN/n-InGaN 
Multi Quantum Well (MQW) heterostructure 63 grown in the photodetector part of the sensor 
structure serves as an optical transmission filter that can be tuned to detect the emission from 
fluorescent materials with specific emission wavelengths. The InGaN band gap, the number of 
layers and their thickness in the structure determine its optical transmission properties such as 
maximum wavelength, intensity, and full width of half maximum (FWHM). The principle is 
based on the variation of the refractive index and absorption properties (band gap) of the InGaN 
layers with In content. The limits of In incorporation are described below. The optical 
transmission (reflection) dependence on the width (which should be one-quarter wavelength) and 
number of layers is known from production of dielectric interference filters (mirrors). The 
thinner the layers in the stack the shorter will be the filter's wavelength. The larger the difference 
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between the refractive indices in the alternating layers the smaller will be the secondary 
transmission peaks. The more layers in the stack the lower will be the intensity of the 
transmission peak and the narrower the peak will be. 

[0048] The n-InGaN and p-GaN photodetector barrier layers 64 and 65 are grown on top 

of MQW heterostructure 63. The total spectral range of the photodetector together with the 
MQW heterostructure is determined by the longest effective wavelength of the LED structure 
(450 nm) and the wavelength corresponding to the narrowest band gap of the InGaN material 
The corresponding wavelengths achieved to date are 450 and 572 nm. Longer wavelengths 
should be possible as well. A variety of other LEDs have been developed, but none of them can 
be fabricated in a single process with other sensor components on the same chip. 
[0049] The sensor disclosed herein and illustrated in Figure 6 is also capable of 

measuring the changes in fluorescence (intensity, lifetime, decay) from a known material 
depending on its concentration, temperature, or flow. Depending on the nature of the material 
under test, different configurations or designs can be used. For example, the material to be tested 
can be directly deposited on the surface of substrate 61. The high mechanical, chemical, and 
thermal strength of sapphire allows simple removal of the tested material after the test is 
complete by mechanical, chemical, or thermal methods. Measurements in gases or liquids in 
containers or pipelines that exclude ambient light can be carried out by immersing the sensor 
structure directly in the container or pipe. In this case no attachment to the sensor structure is 
required. When rejection of the ambient light is not provided by the container, an attachment can 
be made to the sapphire substrate. This attachment may provide rejection of ambient light while 
allowing the species to contact the sapphire substrate and be removed after the measurements are 
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complete. Such attachment can be fabricated by well developed methods of silicon 
micromachining and bonding to sapphire used for MEMS production. 

[0050] The devices of Figure 1 or Figure 6 can also be constructed to include a selected 

number of LED structures and PD structures on a single chip to increase sensitivity. Pixels of 
each structure can be arranged in a selected pattern, such as that shown in Fig. 7. Patterned 
device, generally shown at 70, includes substrate 72, which may be sapphire, and patterned 
Schottky contacts 74 and 75 on p-GaN layer 76. Ohmic contact 78 is deposited on the p-GaN. 
[0051] Alternatively, the optoelectronic sensor may be fabricated on silicon wafers 

instead of sapphire. This may provide lower fabrication costs. Though not transparent, silicon 
can be fabricated at a much lower cost than sapphire. A structure grown on silicon and having 
UV transparent top electrodes is shown generally at 80 in Fig. 8. In addition, silicon that is 
already integrated into the planar structure can be used for photovoltaic sensing in a range of 
wavelengths from near UV to near IR. In particular, for the fluorescence sensor silicon gives the 
possibility to have a short wavelength (UV/Blue) optical emission source based on p-GaN/n- 
InGaN heteroj unction and a wide range photodetector based on p-Si/n-Si fabricated in a single 
technological process on the same semiconductor chip, as it was shown in Figure 3. 
[0052] Referring to Figure 8, silicon substrate 81 is used to grow GaN layer 82 under 

conditions described above. Dielectric 83 and interfacial layer 84 are deposited and patterned. 
A fluorine-doped n-type tin oxide (SnC>2) layer 85, which is transparent to UV and visible light, 
can be used as a transparent top electrode and forms a MIS Schottky barrier on GaN. MQW 
region 86 may be formed to serve as an optical filter. A p-InGaN layer 87 grown on the top of 
the MQW 86 region and the n-type tin oxide layer 85 form a p-n junction for the photodetector. 
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Finally, ohmic contacts 88, 89A and 89B are deposited on tin oxide, GaN and p-InGaN, 
respectively. 

[0053] A one-chip micro -integrated fluorescence sensor that may be used for glucose 

measurements is shown generally at 90 in Fig. 9. Metal layers 91 and 93 serve as ohmic contacts 
across a p-n junction in silicon layer 92, which serves as a photodetector (PD). Multi-quantum 
well region 94 serves as an optical filter for light reaching the PD. Light emission occurs from 
the edges of junction 95 upon application of a selected voltage between contacts 96 and 97. The 
sensor may be immersed in the analyte. Of course, the sensor may be placed in a closed 
container or fluid conduit, such as in a pipeline or the bore of a well. The layers are the same as 
shown in Fig. 3 except MQWs are added to serve as an optical filter. The A1N, GaN, and InGaN 
layers may be grown by RF plasma-assisted molecular beam epitaxy. Multi-Quantum Well 
(MQW) heterostructure 94 of alternating A1N and InGaN undoped layers is grown with a 
thickness for each layer preferably less than 100 A. By changing the number of layers, their 
thickness, and In concentration in the InGaN compounds the optical transmission band width and 
the maximum wavelength may be tuned in the spectral range from 200 to 653 nm. The number 
and thickness of the layers, and In concentration can be precisely calculated prior to the growth, 
as is well known, to determine the spectral band of the sensor. The ranges of these parameters 
are limited only by the capabilities of specific technological processes used. In this manner the 
spectral sensitivity of the photodetector can be tuned to a wavelength of 345 nm corresponding 
to the spectral maximum of the glucose fluorescence, as shown in Fig. 10. 
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[0054] After the growth of the MQW heterostructure, deposition of a 1 jam thick Si- 

doped n-GaN and a 1 (am n-InGaN layer may be performed. A 1000 A thick Mg-doped p-GaN 
layer may be grown then to complete the p-n junction heterostructure. 

[0055] Beginning this structure with an A1N layer avoids formation of silicon nitride and 

allows doping of the top of the silicon wafer with Al for p-type Si layer formation. After the 
nitride layers 1 growth the structure is patterned with photoresist. The pattern is preferably about 
10 to about 50 ^m wide strips or windows. Reactive Ion Etching (RIE) is then performed to 
remove the nitride layers to the MQW region and to partially etch the nitride layer strips area to 
the n-InGaN and Si layer for deposition of the ohmic contacts 97 and 93, respectively. 
[0056] A similar structure can be employed for other than glucose compounds by tuning 

the optical transmission of the MQW heterostructure to the specific fluorescence wavelengths of 
the compound being analyzed. The Si-based p-n junction formed during the A1N growth can be 
employed for sensing in a wider (from 400 to 1 100 nm) range of wavelengths. The sensitivity of 
the Si junction is higher than for any III-V nitride-based junctions. 

[0057] The GaN layers of Fig. 9 and other GaN layers disclosed in Figs. 1 and 3 may be 

grown by RF plasma source-assisted molecular beam epitaxy (MBE) using a Uni-bulb source 
(Applied EPI). This method allows a growth rate of about 1 nm/hour on (0001) sapphire or 
silicon substrates. The GaN synthesis may be carried out during the evaporation of Ga from an 
effusion cell heated to 950 °C, in a nitrogen flow of 2 seem. A 200 A thick A1N buffer layer may 
be grown at a substrate temperature of 700 °C prior to the growth of the doped layers, which will 
preferably be carried out at a substrate temperature of 700-750°C. Mg is preferably employed 
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for p-type doping. The total thickness of the GaN films may be about 1 jam. The p-type layers 
may be characterized by Hall measurements, SIMS, and photoluminescence. 
[0058] The n-InGaN layers are grown by the same method in the same process on top of 

the GaN layers. A series of experiments should be performed prior to the complete structure 
growth in order to optimize growth parameters for tuning the material's bandgap to the desired 
range of optical transmission. Tuning of the bandgap in the InGaN layers is achieved by 
changing the In composition in the compound. The incorporation of In depends mostly on the 
substrate temperature and on the ratio between the Ga and In fluxes. The maximum possible In 
content is determined by the excess of the N flux over the Ga flux: 

Xmax = I" fGa/fN 

This means that in order to achieve high In content the Ga flux should be significantly lower than 
the In flux. The substrate temperatures should be also varied in this task to change the In 
composition in the InGaN layers. The grown InGaN layers may be characterized by Hall 
measurements, SIMS, and photoluminescence. Usually compositions of In up to 0.2 (in In x Ga<i- 
X )N) are used. 

[0059] Masking of the layers before etching can be performed by conventional methods 

of photolithography. Standard positive and negative photoresists can be employed. The etching 
of the nitride layers is preferably by Reactive Ion Etching (RIE). Reactive ion etching of the 
samples may be performed in a Plasma-Therm 790 and an Oxford Plasma Technology Plasmalab 
80 |ip system. Since both A1N and InGaN layers can be etched using the same chemistry, the 
AIN/InGaN structures may be etched using the same gas mixture of 10 seem BCI3/IO seem 
Cb/lO seem Ar (or N 2 ) at a pressure of 30 mTorr. The RF power is normally varied from 50 to 
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250 W, which corresponds to a dc self-bias range of -140 to -400 V. An etch rate of 2000 A 
/min has been achieved for GaN layers by employment of a photo assisted RIE process. Etch 
rates may be measured on the patterned samples using a Tencor 250-alpha step profilometer. 
XPS may be employed to investigate any resulting surface stoichiometry modification from 
etching. For this purpose, a Perkin-Elmer PHI ESCA system may be used. 
[0060] The contact layers 1 deposition may be carried out by e-beam evaporation at a 

substrate temperature of about 400 °C. A combination of Ti (about 30 A) and Au (about 3000 
A) may be employed for ohmic contact formation to n-type InGaN, and a combination of Pt (30 
A), Ni (300 A) and Au (3000 A) may be used for ohmic contact formation to p-GaN. The 
contact layers are patterned using conventional methods of photolithography and wet etching. 
After the patterning, the ohmic contacts are preferably annealed at a temperature in the range 
from about 400 °C to about 600 °C in N2 for approximately 30 minutes to decrease specific 
contact resistance. The specific ohmic contact resistance may be determined by four-probe 
measurements. 

[0061] The preferred embodiment for the sensor fabrication process of the sensor of Fig. 

9 is as follows: 

1) grow by RF-assisted MBE 100-200 nm thick undoped A1N buffer on (1 1 1) Si at a 
substrate temperature of 600-700 °C; 

2) grow by RF-assisted MBE 1-100 D thick alternating undoped layers of A1N and 
In x Gai- x N. The In composition, number of layers, and their thickness are 
specified from the calculations of the required MQW filter optical transmission 
band parameters, such as ^ max and FWHM; 

3) grow by RF-assisted MBE a 0.5-1 (am buffer n-GaN layer doped with Si (Nd-Na 
= 5 x 10 18 cm* 3 ) at a substrate temperature of 600-800 °C; 
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4) grow by RF-assisted MBE a 100-200 nm barrier n-Ino.2Gao.gN layer doped with Si 
(N D -N A = 5 x 10 18 cm' 3 ) at a substrate temperature of 600-800 °C; 

5) grow by RF-assisted MBE a 100-200 nm barrier p-GaN layer doped with Mg 
(N A -N D = 5 x 10 l7 cm' 3 ) at a substrate temperature of 700-750 °C. 

6) deposit ohmic contact layers to p-GaN by e-beam evaporation of Pt (30-50 0), Ni 
(100-300 0), and Au (1000-3000 D) at a substrate temperature of 200-500 °C; 

7) dry etch by RIE openings (for example, trenches) to the top of the MQW 
heterostructure, to the n-InGaN layer and the Si layer; 

8) deposit an ohmic contact to the bottom of the n-Si substrate by e-beam 
evaporation of Ti (100-300 Q) and Au (1000-3000 D) at a substrate temperature of 
200-500 °C; 

9) deposit ohmic contacts to p-Si on the edges of the chip by e-beam evaporation of 
Al (100-300 D), Ti (1000-3000 □), and Au (1000-3000 □) at a substrate 
temperature of 200-500 °C; and 

10) deposit an ohmic contact to the n-InGaN layer by e-beam evaporation of Ti (100- 
300 °C) and Au (1000-3000 °C) at a substrate temperature of 200-500 °C. 

[0062] The sensor of Figure 9 can be applied in a variety of applications. In addition to 

those disclosed above, an integrated absorption/reflection/scattering chemical sensor may be 
fabricated for detection and concentration measurements of contaminants in fluids and gases, 
such as measurement of contaminants in water and measurement of billirubin in blood. An 
integrated absorption/reflection/ scattering surface morphology sensor can be fabricated for 
measurements of surface roughness, detection of surface defects or detection of surface 
contaminants. An integrated high temperature optoelectronic motion control sensor that could be 
used in motors or engines can be fabricated. An integrated chemical fluorescence sensor for use 
on water effluents or high-pressure down hole fluids for characterization or identification and 
concentration measurements may be fabricated. Since the optoelectronic couple is fabricated on 
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the same chip, the optical reflection principle can be employed for the delivery of the light from 
the LED to the PD. 

[0063] A Schottky contact to p-GaN (such as shown in Figures 1 and 6) is preferably 

formed by e-beam evaporation of Si (30 A), Ti (300 A), and Au (3000 A). The potential barrier 
height for the Schottky barrier contacts may be determined by I-V and C-V characterization. 
Ultrasound micro-bonding may be applied to provide electrical connections to the structure 
carrier. The sensor structure (semiconductor and contact layers, micro-bonding) may be covered 
from the backside with a chemically and thermally stable waterproof compound. The front side 
of the sapphire substrate should be left clean to insure maximum optical transmission. A similar 
thermally stable and waterproof compound should be employed to protect metal contacts and 
bonding in silicon-based sensors. The III-V nitride layers and transparent conductive electrodes 
based on oxide semiconductors used in such sensor fabrication are chemically stable and can be 
exposed to a high variety of analytes. In order to avoid leakage in sensors exposed to electrically 
conductive analytes, a passivation of the sensor's surface by deposition on it of optically 
transparent dielectric materials, such as silicon dioxide or aluminum oxide may be employed. 
[0064] Figure 1 1 illustrates an optical encoder, shown generally at 1 10, which employs a 

one chip-integrated LED and photodetector and reflection for light delivery. Rotatable encoding 
disk 111 may be a silicon wafer with a highly UV-reflective metal (Pt or Au) coating 112. 
Coating 112 may be patterned by precise photolithography methods to produce highly UV 
reflective and absorptive areas. Additionally, the UV-absorptive uncoated Si may be etched to 
totally eliminate optical reflection. The UV light from LED 113 passes through substrate 114 
and is reflected from segments of the surface of coated encoder disk 111. When disk 111 is in 
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motion, photodetector 115 generates a waveform or digital output. The employment of silicon 
for the disk fabrication is motivated by availability of high resolution (in submicron range if 
necessary) patterning methods and compatibility with micromachining methods used for MEMS 
fabrication. Optical shields 116, which may also be made of Si, may be used to eliminate 
reflection from "neighboring" reflective areas and for attachment of the optoelectronic chip 
including LED 113 and PD 115. LED 113 and PD 115 may have the layers described in Figure 
1. The dimensions of optical shields "116 are optimized to ensure maximum efficiency of the 
optoelectronic couple. The distance a should be selected to provide maximum reflection from 
the coated area of the encoding disk to the photodetector. The distance b can be made smaller 
than 0. 1 in. Two or more such channels between optical shields can be employed for monitoring 
of directional or angular displacements. Silicon micromachining and micromotor fabrication can 
be employed to fabricate the encoding disk rotational mechanism. 

[0065] Although the present invention has been described with reference to specific 

details, it is not intended that such details should be regarded as limitations upon the scope of the 
invention, except as and to the extent that they are included in the following claims. 
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